Hot-electron devices are emerging as promising candidates for the transduction of optical radiation into electrical current, as they enable photodetection and solar/infrared energy harvesting at sub-bandgap wavelengths. Nevertheless, poor photoconversion quantum yields and low bandwidth pose fundamental challenge to fascinating applications of hot-electron optoelectronics. Based on a novel hyperbolic metamaterial (HMM) structure, we theoretically propose a verticallyintegrated hot-electron device that can efficiently couple plasmonic excitations into electron flows, with an external quantum efficiency approaching the physical * To whom correspondence should be addressed. E-mail: pychen@wayne.edu 2 limit. Further, this metamaterial-based device can have a broadband and omnidirectional response at infrared and visible wavelengths. We believe that these findings may shed some light on designing practical devices for energyefficient photodetection and energy harvesting beyond the bandgap spectral limit.
Introduction
In the past decade, excitation of surface plasmon polaritons (SPPs) at the metaldielectric or metal-semiconductor interface has received tremendous attention for control of light-matter interactions [1] and manipulation of photon absorption [2] , [3] , emission [4] , wavelength conversion [5] , [6] , localization [7] - [11] , and energy transformation [12] , [13] at the nanoscale, which may be beneficially used in a variety of domains, such as chemistry, biomedical, and information processing, nonlinear optics [5] - [11] , and solar energy harvesting [2] , [3] . Very recently, it has been demonstrated that hot electrons produced by surface plasmon decay in a metal nanostructures (e.g. gold nanoparticles) can generate a measurable photocurrent at the metal-semiconductor (MS) Schottky barrier [14] - [16] , as illustrated in Fig. 1(a) . This result was unexpected, given the rapid thermalization of charge carriers in the bulk metal. The decay of surface plasmons to highly energetic electrons (i.e. Landau damping) was thought as an adverse influence on plasmonic devices and inherently limits the lifetime and propagation length of SPP waves for certain optical applications. However, in nanostructures, the momentum requirement at the interface that governs the electron emission (hot-electron escape cone) can be relaxed [14] - [16] . Following this initial discovery, some recent works have been directed towards designing plasmonic nanostructures that could extract "hot electrons" from metals via internal photoemission across the metal-semiconductor interface, and their useful works in photovoltaics [14] - [21] photodetection [15] , [22] - [27] , and photochemistry [19] .
Since the spectral response of a hot-electron device does not depend on the optical bandgap of the semiconductor (but instead on the plasmonic resonance of the metal nano-structure), the photoconversion process is expected to be efficient, over a wide wavelength range, depending on the light (electromagnetic) management method. In this context, plasmonic nanostructures, emerging as a promising approach for light trapping and absorption enhancement [2] , [3] , may give large extinction cross-sections, absorbing a signification fraction of solar spectrum and offering high photoemission yields. In particular, hot-electron devices could, in principle, collect photons having energies lower than the bandgap energy of a semiconductor, thereby serving as the second junction in a tandem solar cell arrangement. However, their incident photon-to-electron conversion efficiencies have been low (typically below 20 % [25] - [29] ). This could be attributed to several practical issues. First, the electron transport across a Schottky barrier is inefficient, rendered by a small electron escape cone [22] - [24] .
In addition, a relatively thick metal layer, greater than the electron mean free-path, necessary for achieving high optical absorption, would cause hot electrons to lose most of their kinetic energy before reaching the Schottky barrier, thereby resulting 4 in a low internal quantum efficiency (IQE). On the other hand, although an ultrathin metal film could mitigate the IQE of hot-electron devices due to multipath scattering [22] , [23] , [30] , it renders a very weak optical absorption and hence a low external quantum efficiency (EQE), as discussed in the following.
Besides, the localized SPP resonance in nanopatterned metal films or metal nanoparticle clusters, although providing enhanced optical absorption, are normally narrowband and sensitive to the incident angle of light.
In this work, we propose a novel hot-electron device hybridized with metamaterial structures, as shown in Fig. 1(b) , which may enable substantially increased IQE and EQE by enhancing optical extinctions and by relaxing constraints on electron traversing rate for internal photoemission. We theoretically explore the possibility of reshaping multiple Schottky-barrier junctions into metamaterials or photonic nanostructures that could support the plasmonicallyenhanced light absorption over a wide spectral range. From the electromagnetic theory viewpoint, cascading multiple metal-semiconductor junctions with opposite signs in permittivity may create a hyperbolic metamaterial (HMM) substrate generating a broadband singularity in the photonic density of states [31] - [1] . A suitably patterned HMM substrate, although compact in size, may further support omnidirectional and broadband light absorption, due to the superposition of multiple slow-wave modes, so-called "rainbow trapping" effect [36] - [39] . In addition, the metamaterial-based hot-electron device shown in Fig. 1(b) can be seen as a multiple-stage stereo device, consisting of multiple hot-electron collectors (e.g. Schottky-barrier junctions) in a vertical integration manner, such 5 that the device can be operated in a highly efficient traveling-wave fashion. In this scenario, even though ultrathin metal films (i.e. thinner than electromagnetic skin depth) are used for enhancing the intrinsic IQE of device and the incident photon energy is less than the bandgap energy, a large EQE (or responsivity   EQE q/     ) can be obtained, over broad wavelength and angular ranges, thereby being well-suitable for broadband photodetection and energy harvesting applications.
Photoconversion Quantum Yields
The excited SPPs in metallic nano-structures could lose energy due to radiative damping (which accounts for light scattering) or non-radiative damping (which accounts for the generation of electron-hole pairs). The latter one may enable resonant light absorption, covering a broad range of the solar spectrum. In general, the hot-electron photoemission includes a series of consecutive steps [22] , [23] :
(1) photon absorption and hot electron generation due to non-radiative damping in metallic nano-structures, (2) hot electrons travel towards the metal-insulator interface with a probability of losing energy in inelastic collisions, (3) electron injection at the metal-semiconductor interface (Schottky barrier), with a probability based on the momentum escape cone, and (4) multiple (Lambertian)
reflections of electrons at the interface, if the metal thickness is of the order of electron-electron scattering length. In step (1), the local generation rate of hot electrons is related to the optical absorptance. After a photon of energy  is absorbed, an electron in the conduction band of the metal is excited from an initial [40] proclaims that the longitudinal component of kinetic energy must be at least equal to the barrier height such that hot electrons can be emitted across the barrier. In this scenario, the probability of electron emission [22] , for a double-Schottky-barrier device with two emission cones, the emission probability can be expressed as: substantially increase the intrinsic IQE value, due to multiple elastic and diffuse scattering of electrons at two metal-semiconductor interfaces, provided that the metal thickness is less than the electron mean-free-path. Figure 2 (b) shows the corresponding EQE spectra of the same device. Here the optical absorption was calculated using the transfer matrix methods [44] . It is observed that EQE is much less than IQE, since the incident light is poorly absorbed by an ultrathin metal film. At higher photon energies, an ultrathin Ag film shows even a smaller EQE than the one with thickness comparable to the skin depth. Indeed, the Rozanov's absorber theory [45] asserts that there exists a compromise between the amount of radiation that can be absorbed and the thickness of the absorber, which can also be applied in the case of thinfilm hot-electron devices. In the following, we will study the possibility of using the metamaterial approach to achieve the broadband optical absorption enhancement in few-nanometer Ag films, leading to high internal/external quantum efficiencies.
Hyperbolic Metamaterials
Metamaterials are artificially engineered periodic structures with lattice constant much smaller than the wavelength of the propagating electromagnetic wave, and thus their repeating, scattering and resonant elements can be deliberately designed to manipulate the effective macroscopic quantities, such as permittivity, permeability, or both, of these effectively homogenous media. Here we will explore the possibility of using the metamaterial approach to realize efficient hotelectron optoelectronics. The proposed device architecture consists of alternating metal and semiconductor layers (i.e. Schottky barrier junctions), effectively forming a HMM substrate. In such metal-semiconductor superlattices, the effective permittivity tensor can be described as [31] : and Dyakonov plasmons [31] - [35] . In particular, HMMs can, in principle, achieve anomalously large density of photonic states (PDOS) in a broad spectral range [32] , thus serving as an exciting platform for developing novel photonic and quantum-optical devices, such as non-resonant single photon sources and substrates that can mold spontaneous emission into directional beams [34] , [35] .
On the other hand, the use of nanopatterned HMM substrates may realize a perfect absorber with broadband and omnidirectional optical absorption ("rainbow trapping" effect [36] - [39] ). Tapered HMM-based waveguide arrays have shown potential for the broadband control of the velocity of light, due to the dramatic frequency and spatial dispersions of HMMs. This opens up exciting opportunities to achieve broadband and strong absorption of incoming light, due to the large attenuation of slow-wave modes that is inherently independent of the angle of incidence. By tailoring the size, geometry, and constituent metal/dielectric materials of the HMM waveguide array, the total absorption bandwidth can be effectively widened by incorporating multiple slow-wave modes excited in the tapered HMM waveguides.
Quite recently, we proposed the use of HMM, comprising multiple metalinsulator-metal (MIM) junctions, for the efficient rectification of long-wavelength light (e.g. THz to mid-infrared). The multiphoton-assisted electron tunneling across the potential barrier of the MIM system introduces the second-order quantum conductivity responsible for nonlinear optical rectification, being greatly enhanced by the strong optical fields confined within the nano/subnano-insulators.
Beyond these concepts, we propose here a new functionalized HMM substrate based on metal-semiconductor multilayers for realizing highly efficient hotelectron devices, which potentially allow for the broadband and omnidirectional transduction of infrared and visible light into useful electricity. We note that although the above two optoelectronic devices share similar HMM geometries, they are based on very different operation mechanisms, as well as electronic and photonic structures. Different from those photon-assisted tunneling devices involved relatively thick metals and ultrathin insulators that allow large optical field localization and electron tunneling within the MIM junctions, the photoconversion efficiency of hot-electron devices depends on the excitation (related to optical absorption) and scattering properties of hot electrons inside the thin metal layers and its emission properties at the metal/semiconductor interface.
In this context, each HMM unit cell of the hot-electron device is constituted by an Ag-TiO 2 junction, effectively forming the Schottky-barrier device shown in Fig. 2. In addition, by nanopatterning a mirror-back HMM as a homogeneous slowlight medium [36] - [39] , the rainbow trapping effect may allow scattering light into plasmonic junctions and trapping it there such that the strong optical fields can lead to a substantial increase in the light absorption in metals. Ideally, this HMM-based hot-electron device can be designed to absorb most of the incident electromagnetic energy in the near infrared and visible regions, and effectively collect plasmonically-excited hot electrons in metal layers, if the photon energy is greater than the Schottky barrier height. This vertically cascaded device may achieve a very high photoconversion efficiency, in analogy to those planar traveling-wave microwave and THz detectors [44] , but with a much compact size due to the exotic slow-wave features. 
where 0 k is the free space wave number, P is the period of unit cells, and W is the We have conducted the full-wave simulation based on the finite-integral technique [48] to validate the eigenmodal results. The bottom panel of Fig. 3(a) shows the contour plot of absorptance as a function of the photon energy  waveguide, as long as the array period is small (below the first Bragg resonance), the high optical absorption around the slow-wave regime is independent of the angle of incidence [36] - [39] , [42] . This implies that the HMM-based hot-electron device is capable of highly efficient wide-angle operation.
We have designed several HMM-based hot-electron devices shown in Fig. 1(b) , with different numbers of MS superlattices (N), and their EQE calculated using Eq. (2) are presented in Fig. 4(a) . Here design parameters are: Ag thickness t m = 6 nm, TiO 2 thickness t s = 60 nm, W = 100 nm, and P = 200 nm, which yields a fundamental (first-order) slow-wave mode at photon energy of 1 eV, and the 15 mirror is made of 50 nm Ag thinfilm. It is seen that for moderate numbers of AgTiO 2 superlattices, EQE can approach IQE (dashed line) around the slow-wave regimes, even though thin, lossy metal-films of only 6 nm are used. Moreover, the peak EQE values and bandwidth may increase with increasing the number of superlattices forming HMMs, particularly for those higher-order slow-wave modes. The high EQE of this HMM-based device can be attributed to the combined effect of the enhanced IQE in sandwiched "double-barrier" Ag ultrathin films with large emission probability P d [22] and the near-perfect absorption in plasmonic slow-light structures. Figure 4 (b) shows EQE spectra for the same HMM-based device in Fig. 4 (a) (here N =5 pair Ag-TiO 2 ), varying angles of incidence. It is surprisingly seen that the obtained high EQE is rather angle independent, consistent with results in Fig. 3(a) . At high photon energies (  > 2 eV), the peak position of EQE is observed to be shifted with varying angles of incidence. This is because in the short wavelength (high photon energy) region, the optical absorption is due primarily to Fabry-Perot resonances. We note that EQE peak positions are tunable by tailoring slow-wave modes in the nanostructured HMM. This can be achieved, for instance, by changing the geometric parameters P and W, or the Ag/TiO 2 filling ratio, as can be understood from Eq.
. Figure 4 (c) shows the EQE spectra for the same device in Fig. 4(b) under the normal incidence, while varying the periodicity P. It is seen that the position of EQE peak can be shifted over a wide range of photon energy by changing the geometric dimension, in a good agreement with the eigenmodal calculation results 16 using Eq. (7), which demonstrates an interesting wavelength-scalability for hot electron collections.
As far as the fabrication process is concerned, the multilayered metal/dielectric thin films can be prepared by dual-depositing sputtering technique [49] , [50] (which allows Ag film as thin as 6 nm, with a roughness below 1 nm and excellent mechanical flexibility [49] , [50] ) or by the state-of-the-art atomic-layer deposition [51] ; both techniques enables ultrathin, smooth, and pinhole-free thinfilms. We have also considered the imperfection in the fabrication process and numerically studied the influence of surface roughness on the device performance.
In our numerical simulations (not shown here for saving some space), the metal thickness was randomly varied by 20 % to mimic rough surfaces. We find that 
Thin-film Polaritonic Photonic Crystals
Here we also compare the performance of metamaterial-based devices with alternative possible designs, such as the photonic crystal (PC) and the Fabry-Perot plasmonic cavities (FPC). Figure 3( 
where the lattice constant [53] . We also find that the total absorption efficiency increases with increasing the MS superlattices. Figure 4(d) shows the corresponding EQE spectra for the PC-based hot-electron devices of Fig. 3(b) , with different number of layers. As expected, both the magnitude and the number of EQE peaks increase with increasing the number of Ag-TiO 2 superlattices. When a simple three-layer PC structure (N = 1) is used, the device comprising a thick TiO 2 film sandwiched by two metal films may be reduced to a plasmonic Fabry-Perot cavity, which is normally used for controlling the optical absorption [22] , [23] . In an FPC, the thick back-metal layer has a near-unity reflection, while the thin top-metal layer functions as a partially-reflective mirror, allowing the incident radiation to enter the cavity and get trapped inside. Figure 4 (e) shows the EQE spectrum for a FPC-based device, under different illumination conditions; here a cavity length is 120 nm that yields a fundamental FP mode at 1 eV. It is seen that the conventional FPC design has a much lower EQE value, when compared to HMM-/PC-based devices, due to the low optical absorption of this flat device.
Hot-Electron Devices Based on Tapered Hyperbolic Metamaterials
Although a linear HMM-based hot-electron device can exhibit a high and angleindependent EQE, its bandwidth is limited around the slow-wave modes. Here we also study hot-electron devices based on tapered-HMM, as shown in Fig. 5(a) , aimed at broadening the bandwidth of operation, necessary for solar energy harvesting and wideband photodetection applications. When the tapered geometry is used, the bandwidth is expected to be increased due to the superposition of multiple slow-wave modes. As can be understood from Fig. 4(c) , the slow-wave modes sensitively respond to the period or the width of air trenches, and therefore a tapered waveguide array may support the slow-wave modes in a wide spectrum. can be up to 40 %, which, although not optimized yet, is moderately high for TM polarized light [57] , [58] .
Figure 5(c) shows the EQE spectra for a hot-electron device based on the tapered HMM in Fig. 5(b) , varying the angle of incidence. It is surprising to observe that high EQE values, close to the IQE bound, can be obtained from 1 eV to 1.6 eV, which is almost angle independent. Depending on the targeted application, a hotelectron device made of a linear/tapered HMM can be used to achieve a wavelength-selective operation (e.g. zero-power narrowband photodetectors or plasmonic sensors) or a broadband operation.
Conversion Efficiency in Energy Harvesting Applications
So far, we have demonstrated that the optimal hot-electron devices can display high EQE and responsivities, as they may serve as good photodetectors that 
where the integration in the denominator of Eq. (10) is the illumination irradiance over the wavelength range of interest (λ min , λ max ). The forward current density is given by the Richardson's formula as [57] : (12) where R s is the sun's radius and r se is the mean distance between the earth and sun.
By assuming a 5800 K blackbody, Eq. (12) shows a good match with the shape and irradiance of the ASTM standard AM0 spectrum, as shown in Fig. 6(a) . The 22 optimum conversion efficiency is evaluated by sweeping the voltage in the J-V diagram (Eq. (10)) and recording the voltage that produces the maximum power delivered to a resistive load [57] . [17] , [18] . We find that when hot-electron devices are used as solar energy harvesters, the conversion efficiency cannot generally exceed 7 %, due primarily to the existence of dark (thermionic emission) current that flows in a direction opposite to that of the photoexcited current. For those devices with small barrier energy ( B  < 0.5 eV), the relatively large dark current may lead to a low conversion efficiency. However, if the barrier energy is too large, the conversion efficiency is also low, due to small quantum yield. The dashed lines in Fig. 6 (b) present efficiencies with a 100 % EQE, which still show depreciation when the barrier energy is low. As can be understood from Eq. (11), the lowtemperature operation is necessary for reducing the dark current. It is seen from 
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Conclusions
We have proposed the use of nanostructured hyperbolic metamaterials to realize a broadband, angle-independent hot-electron device, which, although operating at sub-bandgap photon energies, may exhibit high internal/external quantum efficiencies. Specifically, we have demonstrated that this stereo nano-device can be configured for wavelength-selective or broadband operation, depending on the cross-sectional geometry of the nanostructured HMM that has consequential influence on the excited slow-light modes. Our theoretical results also show that this metamaterial-based device may display a higher photoconversion yields compared to devices with conventional light-management structures, such as 
